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Background: Head and neck squamous cell carcinoma (HNSCC) patients with a high tumor grade, 
lymphovascular invasion (LVI), or perineural invasion (PNI) tend to demonstrate a poor prognosis in clinical 
series. Thus, the identification of histopathological features, including tumor grade, LVI, and PNI, before 
treatment could be used to stratify the prognosis of patients with HNSCC. This study aimed to assess 
whether quantitative parameters derived from pretreatment dual-energy computed tomography (DECT) can 
predict the histopathological features of patients with HNSCC.
Methods: In this study, 72 consecutive patients with pathologically confirmed HNSCC were enrolled and 
underwent dual-phase (noncontrast-enhanced phase and contrast-enhanced phase) DECT examinations. 
Normalized iodine concentration (NIC), the slope of the spectral Hounsfield unit curve (λHU), and 
normalized effective atomic number (NZeff) were calculated. The attenuation values on 40–140 keV noise-
optimized virtual monoenergetic images [VMIs (+)] in the contrast-enhanced phase were recorded. The 
diagnostic performance of the quantitative parameters for predicting histopathological features, including 
tumor grade, LVI, and PNI, was assessed by receiver operating characteristic curves.
Results: The NIC, λHU, NZeff, and attenuation value on the VMIs (+) at 40 keV (A40) in the grade III group, 
LVI-positive group, and PNI-positive group were significantly higher than those in the grade I and II groups, 
the LVI-negative group, and the PNI-negative group (all P values <0.05). A multivariate logistic regression 
model combining these 4 quantitative parameters improved the diagnostic performance of the model in 
predicting tumor grade, LVI, and PNI (areas under the curve: 0.969, 0.944, and 0.931, respectively).
Conclusions: Quantitative parameters derived from pretreatment DECT, including NIC, λHU, NZeff, 
and A4,0 were found to be imaging markers for predicting the histopathological characteristics of HNSCC. 
Combining all these characteristics improved the predictive performance of the model.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is a 
malignancy developing from mucosal epithelium in the 
oral cavity, pharynx, larynx, and other sites. There are more 
than 500,000 new cases of HNSCC reported every year 
worldwide (1). HNSCC patients with high tumor grade, 
lymphovascular invasion (LVI), or perineural invasion 
(PNI) tend to demonstrate a poor prognosis in clinical 
series. Thus, the identification of histopathological features, 
including tumor grade, LVI, and PNI, before treatment 
could be used to stratify the prognosis of patients with 
HNSCC (2-7) and to identify patients who should receive 
more aggressive treatments (8).

Invasive biopsy is widely used to determine the 
histopathological features of HNSCC, but its application 
is limited due to complications, such as bleeding, and a 
lack of tumorous histopathological characteristics (9). 
Single-energy computed tomography (SDCT) shows the 
morphological features of HNSCC; however, as these 
morphological features are subjectively and qualitatively 
evaluated by radiologists, the results partially depend 
on the observers’ experience (10-12). As SDCT fails to 
accurately predict the histopathological features of tumors, 
a noninvasive quantitative analysis of the histopathological 
features before treatment could be clinically meaningful 
in treatment planning and consequently improve patient 
prognosis.

Dual-energy computed tomography (DECT) is an 
advanced imaging technique that allows 2 series of CT 
images to be acquired at different energies (13). DECT can 
provide a series of quantitative parameters, including iodine 
concentration (IC), attenuation values at different energy 
levels, such as 40–140 keV, and effective atomic number 
(Zeff), to represent the essential characteristics of tumors 
(14-18). These quantitative parameters have been shown 
to be beneficial in the differential diagnosis, staging, and 
prognostic prediction of HNSCC (19-22). However, very 
little is currently known about the value of quantitative 
parameters derived from DECT in the pretreatment 
prediction of histopathological features in patients with 
HNSCC. Thus, this study sought to determine whether 
quantitative parameters derived from pretreatment DECT 
could predict these histopathological features in patients 
with HNSCC.

We present the following article in accordance with the 
STARD reporting checklist (available at https://dx.doi.
org/10.21037/qims-21-650).

Methods

Data collection occurred after the surgical pathological 
results were collected. The study was conducted in 
accordance with the Declaration of Helsinki (as revised in 
2013). This retrospective study was approved by the Ethics 
Committee of Chongqing University Cancer Hospital, and 
written informed consent was waived.

From December 2018 to July 2020, 89 consecutive 
patients with findings highly suspicious of HNSCC 
underwent DECT. To be eligible to for study enrollment, 
patients had to meet the following inclusion criteria: (I) 
histopathologically confirmed HNSCC, (II) no history of 
allergy to iodine contrast agents, and (III) no history of 
antitumor therapy before DECT examination. Patients 
were excluded from this study if they (I) had severe image 
artifacts, (II) incomplete clinical and histopathological data, 
or (III) a primary tumor with a maximum diameter <10 mm 
on polyenergetic images (PEI).

DECT image acquisitions

All patients underwent dual-phase (nonenhanced phase 
and contrast agent-enhanced phase) DECT scans with 
a dual-source CT scanner (SOMATOM Drive, Siemens 
Healthineers, Forchheim, Germany) and 100 kVp and 
Sn140 kVp tubes. All the scans were performed with an 
automatic exposure control (CARE Dose 4D, Siemens 
Healthineers) under the following settings: a reference tube 
current time product of 104 mAs for the Sn140-kVp tube 
and 134 mAs for the 100-kVp tube, a collimation of 32 mm 
× 0.6 mm, a rotation time of 0.5 s, a pitch of 0.7, a section 
thickness of 1.5 mm, and a section increment of 1.2 mm.

Patients were then injected with nonionic contrast 
medium (ioversol, 320 mg/mL iodine; Jiangsu Hengrui 
Medicine, Jiangsu, China) via antecubital venous access. 
The iodinated contrast medium was injected at a dose of  
1.5 mL/kg and a rate of 2.5 mL/s. A bolus-tracking technique 
was used to perform the enhanced phase with a delay of 30 s 
after the arcus aorta at the threshold of 100 HU.

DECT image reconstruction

All the postprocessing of the DECT images was performed 
at a dedicated workstation (syngo.via VB20A, Dual Energy, 
Siemens Healthineers). PEIs in both the unenhanced and 
enhanced phases were reconstructed with a mix factor of 
0.4 (M_0.4; 40% of the low kV and 60% of the high-kV 
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spectrum). Virtual monoenergetic images (VMIs) at 40 and 
110 keV were reconstructed using contrast-enhanced phase 
images. The parameters of the reconstructed images were as 
follows: transverse sections; thickness, 1.5 mm; increment, 
1.2 mm; and soft-tissue kernel, J30f.

Qualitative DECT imaging analysis 

Two radiologists with 7 and 15 years of experience in head 
and neck CT imaging interpretation independently assessed 
the subjective and objective quality of the images using 
the same approach as that adopted in our previous study 
(see the Supplementary Materials) (23). The radiologists 
evaluated the morphological features on the VMIs with 
optimal image quality. The radiologists were blinded to 
patient information and the histopathological results. The 
morphological features included heterogeneous density 
(presence or absence), ill-defined margins (presence or 
absence), the infiltration of adjacent structures, such as 
muscle or cartilage or bone (presence or absence), and the 
degree of enhancement (high, intermediate, or low). The 
degree of enhancement was defined as per our previous 
study (23).

Analysis of quantitative DECT parameters

All the quantitative parameters were independently 
measured by the above mentioned 2 radiologists, who were 
blinded to patient information and the histopathological 
results. To assess intraobserver variability, the first 
radiologist evaluated the images twice with an interval of 
2 weeks. The regions of interest (ROIs) were placed on a 
single slice in the largest tumoral area on the axial images, 
and areas of necrosis and artifact were avoided. The average 
values of the quantitative parameters (which were measured 
3 times, twice by observer 1 and once by observer 2) were 
used for the subsequent analysis.

The normalized IC (NIC), slope of the spectral 
Hounsfield unit curve (λHU), and normalized Zeff (NZeff) 
values were calculated using the following formulas: NIC 
= IC value of primary lesion/IC value of common carotid 
artery; λHU = (attenuation value of primary lesion in 40 keV 
− attenuation value of primary lesion in 110 keV)/70; and 
NZeff = Zeff value of primary lesion/Zeff value of common 
carotid artery. IC values were measured in the “VNC” mode 
at the syngo.via workstation using the enhanced images. 
The attenuation values of the primary lesions at 40–140 keV  
VMIs (A40, A50, A60, A70, A80, A90, A100, A110, A120, A130, and 

A140) were measured. The Zeff values were measured in 
the “Rho/Zeff” mode at the syngo.via workstation using 
the nonenhanced phase images. The attenuation values in 
both the unenhanced phase (An) and the enhanced phase 
(Ae) PEIs were obtained. Their difference value (ΔA) was 
calculated as follows: ΔA = Ae − An.

Histopathological analysis

All the surgically resected HNSCC specimens were used 
for the pathological evaluations. A pathologist with 20 
years of experience in head and neck pathology who knew 
the clinical information of patients but was blinded to the 
DECT data analyzed these samples using hematoxylin 
and eosin staining and an immunohistochemistry panel. 
The pathologically differentiated grades of HNSCC 
were divided into the following 3 groups according to the 
eighth edition of American Joint Committee on Cancer 
Stage (AJCC): well differentiated (grade I), moderately 
differentiated (grade II), and poorly differentiated (grade 
III). LVI status and PNI status were classified as either 
positive or negative. The histopathological results were 
used as reference standards according to the long-time 
experience.

Statistical analysis

Statistical analyses were performed using SPSS statistics 
version 25.0 (IBM Corporation, Armonk, NY, USA). All 
the variabilities of the quantitative parameters derived 
from the DECT were exploratory. Intraclass correlation 
coefficients (ICCs) and Bland-Altman plots were used to 
assess intra- and interobserver agreement in relation to the 
quantitative parameters. The normality of the quantitative 
data distribution was evaluated using the Kolmogorov-
Smirnov test. An independent sample t test and a 1-way 
ANOVA with a Bonferroni post hoc test were used to 
assess the differences between the quantitative data with 
normal distributions. The Mann-Whitney U test and 
Kruskal-Wallis with a Bonferroni post hoc test were used 
to assess the differences between the quantitative data 
without normal distributions. The performances of the 
observers in distinguishing the histopathological features 
were evaluated by a receiver operating characteristic (ROC) 
curve analysis. The Youden index was used to determine the 
optimal threshold. The Delong test was used to compare 
the differences of the areas under the curves (AUCs). The 
independent predictive parameters for the histopathologic 
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features were determined by a binary logistic regression 
analysis. A 2-sided P value <0.05 indicated a statistically 
significant difference. We performed an a priori power 
calculation using R 3.6.2 software with the “pwr” package 
(The R Foundation for Statistical Computing). The 
minimum sample size required to obtain 90% power in 
differentiating tumor grade, LVI, and PNI was 20 cases per 
group.

Results

Patients

Of the 89 patients enrolled in this study, 17 patients were 
excluded (5 due to poor quality images, 8 due to incomplete 
clinical or histopathological data, and 4 with maximum axial 
diameters of the primary tumor <10 mm). Ultimately, 72 
patients were enrolled in the study (40 males and 32 females; 
median age 60 years, interquartile range, 53–70 years;  
see Figure S1). The clinical characteristics of the enrolled 
patients are shown in Table 1. No adverse events were 
observed in this study.

Intra-and interobserver agreement

The NIC, λHU, NZeff, A40, A50, A60, A70, A80, A90, A100, A110, 
A120, A130, A140, An, Ae, and ΔA showed good intra- and 
interobserver agreement (ICC: 0.886–0.997; see Table 2). 
The Bland-Altman plots of the NIC, λHU, NZeff, and A40 are 
shown in Figures 1,2.

Comparison of DECT morphological features in relation to 
different histopathological features

The VMIs at 40 keV had the highest overall image quality 
and demarcation of lesion margins scores, signal-to-noise 
ratio (SNR), and contrast-to-noise ratio (CNR) (see Tables 
S1,S2 and Figure S2). Thus, a qualitative DECT analysis 
of HNSCC was performed on the 40 keV VMIs. None of 
the morphological features could be used to distinguish 
the grade III group from the grade I and II groups, the 
LVI-positive group from the LVI-negative group, and the 
PNI-positive group from the PNI-negative group (see 
Table S3).

Table 1 Clinical summary statistics of patients

Characteristic Number %

Anatomy

Oral cavity 33 45.8

Oropharynx 6 8.3

Hypopharynx 12 16.7

Larynx 21 29.2

T stage

T1 7 9.7

T2 23 31.9

T3 18 25

T4 24 33.3

N stage

N0 41 56.9

N1 17 23.6

N2 12 16.7

N3 2 2.8

M stage

M0 69 95.8

M1 3 4.2

Overall stage

I 5 6.9

II 12 16.7

III 20 27.8

IV 35 48.6

Tumor grade

Grade I 17 23.6

Grade II 30 41.7

Grade III 25 34.7

Lymphovascular invasion

Negative 45 62.5

Positive 27 37.5

Perineural invasion

Negative 48 66.7

Positive 24 33.3

https://cdn.amegroups.cn/static/public/QIMS-21-650-supplementary.pdf
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Comparison of DECT parameters in relation to different 
histopathologic features

The DECT quantitative parameters and conventional 
attenuation values are summarized in Tables 3,4 and Figures 
3,4. The NIC, λHU, NZeff, and A40 values derived from the 
DECT in the grade III group were significantly higher than 
those in the grade I and II groups (all P values <0.05). The 
NIC, λHU, NZeff, and A40 values in the LVI-positive group 
were higher than those in the LV-negative group, while the 
NIC, λHU, NZeff, and A40 values in the PNI--positive group 
were also higher than those in the PNI-negative group 
(all P values <0.05). However, A50, A60, A70, A80, A90, A100, 
A110, A120, A130, A140, An, Ae, and ΔA showed no significant 
differences between any 2 tumor grade groups, between the 

LVI-positive group and the LVI-negative group, or between 
the PNI-positive group and the PNI-negative group.

Diagnostic performance of the DECT parameters in 
predicting histopathological features

The AUC values of NIC were higher than those of λHU, 
NZeff, and A40 in distinguishing the grade III group from the 
grade I and II groups, the LVI-positive group from the LVI-
negative group, and the PNI-positive group from the PNI-
negative group. In the multivariable binary logistic regression 
analysis, compared to any single parameter, a combination 
of these 4 quantitative parameters obtained the highest 
AUC values for predicting tumor grade, LVI, and PNI  
(all P values <0.05; see Table 5 and Figure 5 and Figure S3).

Discussion

Histopathological features, including tumor grade, LVI 
and PNI, are highly associated with the prognosis of 
patients with HNSCC (23,24). However, SDCT cannot 
be used to accurately assess these histopathologic features 
before biopsy (25,26). DECT is an emerging CT imaging 
technique that provides multiple quantitative parameters 
for characterizing the intrinsic characteristics of tumors in 
the head and neck (27,28). In our study, the quantitative 
parameters derived from pretreatment DECT successfully 
predicted tumor grade, LVI, and PNI in patients with 
HNSCC. Further, combining these quantitative parameters 
improved the predictive performance of the model.

The histological grade of HNSCC at pretreatment has 
long been considered to be important prognostic factor (29). 
Tumors with a high grade are characterized by more tumor 
angiogenesis and higher cellularity, which indicate a poor 
prognosis (2). In our study, we found that the NIC values of 
grade III HNSCC were higher than those of grades I and 
II HNSCC. These results are in line with research findings 
on colorectal cancer and lung adenocarcinoma (30,31). 
It may be that high-grade tumors with abundant tumor 
neovascularization result in increased tumor blood supply 
and increased iodine uptake (32). Additionally, immature 
neovascularization endothelial cells in high-grade tumors 
may result in more extravascular contrast media leakage (33). 
Consistent with the findings of a previous study (34), we 
found that the λHU values of grade III HNSCC were higher 
than those of grades I and II HNSCC. When the contrast is 
enhanced, λHU values might indicate the rate of attenuation 
changes in tumors, and higher λHU values may represent a 

Table 2 Intra- and interobserver reproducibility of measurements 
for quantitative dual-energy CT parameters

Parameters
Intraobserver  

agreement (95% CI)
Interobserver  

agreement (95% CI)

NIC 0.924 (0.881–0.954) 0.905 (0.853–0.940)

λHU (HU/keV) 0.997 (0.995–0.998) 0.995 (0.992–0.997)

NZeff 0.917 (0.867–0.948) 0.907 (0.851–0.942)

A40 (HU) 0.921 (0.835–0.966) 0.901 (0.826–0.933)

A50 (HU) 0.915 (0.862–0.950) 0.903 (0.835–0.940)

A60 (HU) 0.908 (0.826–0.937) 0.902 (0.828–0.936)

A70 (HU) 0.912 (0.860–0.938) 0.908 (0.855–0.946)

A80 (HU) 0.921 (0.873–0.941) 0.910 (0.862–0.947)

A90 (HU) 0.914 (0.854–0.940) 0.906 (0.855–0.950)

A100 (HU) 0.910 (0.843–0.936) 0.900 (0.829–0.927)

A110 (HU) 0.913 (0.855–0.939) 0.904 (0.839–0.933)

A120 (HU) 0.896 (0.815–0.933) 0.889 (0.805–0.931)

A130 (HU) 0.892 (0.805–0.930) 0.890 (0.800–0.928)

A140 (HU) 0.893 (0.811–0.935) 0.889 (0.801–0.925)

An (HU) 0.950 (0.921–0.968) 0.909 (0.854–0.943)

Ae (HU) 0.899 (0.839–0.937) 0.890 (0.823–0.931)

ΔA (HU) 0.890 (0.821–0.928) 0.886 (0.801–0.914)

CT, computed tomography; CI, confidence interval; NIC, 
normalized iodine concentration; λHU, slope of the spectral 
Hounsfield unit curve; NZeff, normalized effective atomic number;  
VMI (+), noise-optimized virtual monoenergetic images; A40–140, 
attenuation value in enhanced VMIs (+) at 40–140 keV; An,  
attenuation value in nonenhanced polyenergetic images; Ae,  
attenuation value in enhanced polyenergetic images.

https://cdn.amegroups.cn/static/public/QIMS-21-650-supplementary.pdf
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Figure 1 Bland-Altman plots of measurement differences for dual-energy CT parameters. Bland-Altman plots of measurement differences 
between the first and second measurements of the first radiologist. CT, computed tomography; NIC, normalized iodine concentration; λHU, 
slope of the spectral Hounsfield unit curve; NZeff, normalized effective atomic number; VMI (+), noise-optimized virtual monoenergetic 
images; A40, attenuation value in enhanced VMI (+) at 40 keV.

Figure 2 Bland-Altman plots of measurement differences for dual-energy CT parameters. Bland-Altman plots of measurement differences 
between the 2 radiologists. CT, computed tomography; NIC, normalized iodine concentration; λHU, slope of the spectral Hounsfield 
unit curve; NZeff, normalized effective atomic number; VMI (+), noise-optimized virtual monoenergetic images; A40, attenuation value in 
enhanced VMI (+) at 40 keV−.

0.04

0.02

0.00

–0.02

–0.04

D
iff

er
en

ce

0.1          0.2         0.3          0.4          0.5
Mean

NIC
+1.96SD

0.031

Mean
0.000

–1.96SD
–0.031

0.10

0.05

0.00

–0.05

–0.10

D
iff

er
en

ce

1.0       1.5       2.0       2.5      3.0       3.5
Mean

λHU

+1.96SD
0.050

Mean
0.001

–1.96SD
–0.049

0.10

0.05

0.00

–0.05

–0.10

D
iff

er
en

ce

0.6       0.7       0.8       0.9      1.0       1.1
Mean

NZeff

+1.96SD
0.054

Mean
0.001

–1.96SD
–0.051

20

10

0

–10

–20

D
iff

er
en

ce

100      150     200      250      300      350
Mean

A40

+1.96SD
18.138

Mean
–0.095

–1.96SD
–17.211

0.04

0.02

0.00

–0.02

–0.04

D
iff

er
en

ce

0.1          0.2           0.3          0.4           0.5
Mean

NIC

+1.96SD
0.034

Mean
–0.001

–1.96SD
–0.035

0.10

0.05

0.00

–0.05

–0.10

D
iff

er
en

ce

1.0       1.5        2.0       2.5       3.0        3.5
Mean

λHU

+1.96SD
0.059

Mean
–0.001

–1.96SD
–0.061

0.10

0.05

0.00

–0.05

–0.10

D
iff

er
en

ce

0.6       0.7       0.8        0.9       1.0        1.1
Mean

NZeff

+1.96SD
0.053

Mean
0.002

–1.96SD
–0.053

20

10

0

–10

–20

D
iff

er
en

ce

100      150      200       250      300       350
Mean

A40

+1.96SD
19.441

Mean
0.108

–1.96SD
–19.226



1249Quantitative Imaging in Medicine and Surgery, Vol 12, No 2 February 2022

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2022;12(2):1243-1256 | https://dx.doi.org/10.21037/qims-21-650

Table 3 Quantitative parameters derived from dual-energy CT for predicting tumor grades in patients with head and neck squamous cell carcinoma

Parameters
Tumor grade

F P value P# value P* value Pǂ value
Grade I (n=17) Grade II (n=30) Grade III (n=25)

NIC 0.19±0.03 0.22±0.03 0.26±0.03 26.351 <0.001 0.001 <0.001 <0.001

λHU (HU/keV) 1.64±0.17 1.81±0.30 2.05± 0.25 12.973 <0.001 0.015 <0.001 0.004

NZeff 0.77±0.04 0.81±0.04 0.84±0.04 15.328 <0.001 0.007 <0.001 0.011

A40 (HU) 173.90±19.10 192.07±22.43 208.41±21.91 13.119 <0.001 0.021 <0.001 0.020

A50 (HU) 132.79±28.35 136.98±20.47 146.31±20.56 2.073 0.134

A60 (HU) 115.90±23.64 120.02±17.18 124.93±19.95 1.089 0.342

A70 (HU) 85.85±18.25 89.26±10.35 92.55±17.25 1.021 0.366

A80 (HU) 67.63±17.03 71.66±9.07 72.25±17.13 0.600 0.552

A90 (HU) 63.16±17.86 68.06±9.32 67.97±17.47 0.706 0.497

A100 (HU) 61.32±17.95 65.99±9.40 65.83±17.52 0.629 0.536

A110 (HU) 59.52±17.91 63.26±9.38 62.11±17.58 0.650 0.525

A120 (HU) 59.33±18.20 63.07±9.81 62.02±18.21 0.668 0.513

A130 (HU) 58.95±18.15 62.86±9.79 61.91±17.85 0.635 0.531

A140 (HU) 58.47±18.03 62.35±9.92 61.12±17.93 0.655 0.525

An (HU) 30.95±8.43 30.43±7.28 32.61±6.79 0.617 0.543

Ae (HU) 62.12±7.13 62.81±8.16 63.24±5.73 0.123 0.884

ΔA (HU) 31.17±6.79 32.37±6.05 30.62±7.61 0.474 0.624

Data are presented as the mean ± standard deviation. A 1-way analysis of variance with a Bonferroni post hoc test. F represents the sta-
tistical value. A P value <0.050 is statistically significant; P# (Grade I vs. Grade II), P* (Grade I vs. Grade III) and Pǂ (Grade II vs. Grade III) val-
ues <0.017 are statistically significant. CT, computed tomography; NIC, normalized iodine concentration in arterial phase; λHU, slope of the 
spectral Hounsfield unit curve in arterial phase; NZeff, normalized effective atomic number; VMI (+), noise-optimized virtual monoenergetic  
images; A40-140, attenuation value in enhanced VMIs (+) at 40–140 keV; An, attenuation value in nonenhanced polyenergetic images; Ae,  
attenuation value in enhanced polyenergetic images; ΔA = Ae − An.

higher percentage of iodine contrast media in tumors (17). 
Consequently, high-grade tumors with abundant tumor 
blood supply and higher iodine uptake will result in higher 
λHU values (35). The NZeff reflects the atomic number of 
the composition in the tumor tissue: the denser the tumor 
tissue, the higher the effective atomic number (19). We 
found that the NZeff values of grade III HNSCC were 
higher than those of grades I and II HNSCC. It may be 
that high-grade HNSCC with abundant and densely packed 
tumor cells leads to an increase in NZeff values (36).

LVI has been defined as cancer cells in peritumoral 
lymphatic vessels or small nonmuscularized blood vessels 
or both (37). It is associated with biologically aggressive 

diseases and the systemic dissemination of cancer cells (38).  
Previous studies have shown that pretreatment CT provides 
a noninvasive method for predicting LVI in gastric cancer 
and rectal cancer (26,39). A recent study showed that 
radiomic analyses based on pretreatment CT images could 
successfully predict LVI in patients with HNSCC (40). 
Based on the above studies, we used DECT to predict LVI 
in HNSCC and found that the NIC, λHU, and NZeff values 
of the LVI-positive group were higher than those of the 
LVI-negative group. There could be a number of reasons 
for these results. First, vascular invasion in LVI-positive 
tumors increases the extravascular leakage of contrast 
agents and leads to higher NIC and λHU values. Second, 
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LVI demonstrates a positive correlation with tumor size and 
dissemination (41). Thus, tumor cells with relatively active 
proliferation in LVI-positive patients may increase the cell 
density of tumoral tissues, leading to an increase in Zeff 
values (4).

PNI is defined as the movement of cancer cells into the 
neural space, usually into small nerves (42). PNI has been 
shown to be associated with poor survival outcomes in 
patients with HNSCC and to indicate radical surgery and 
adjuvant radiochemotherapy (5). A previous study showed 
that heterogeneity features in primary tumors (as observed 
in pretreatment CT scans) can be used to predict PNI in 
patients with HNSCC (39). Another recent study showed 
that quantitative DECT could predict PNI in perihilar 
cholangiocarcinoma (43). On the basis of these studies, we 
applied quantitative parameters derived from DECT, which 

characterize the heterogeneity of tumor angiogenesis and 
cell proliferation, to predict PNI in patients with HNSCC. 
We found that the NIC values of the PNI-positive group 
were higher than those of the PNI-negative group. It may 
be that the increase of axon guidance molecules, including 
netrins, semaphorins, and ephrins, in PNI-positive 
patients promote the adhesion of tumor cells to peripheral 
nerves and tumor angiogenesis (44). An increase in tumor 
angiogenesis results in higher iodine uptake, which in 
turn increases NIC values. The NZeff values of the PNI-
positive group were higher than those of the PNI-negative 
group. The tumor cells in the PNI-positive HNSCC have 
been shown to upregulate the genes that increase cell 
proliferation (45). Thus, increased cell proliferation may 
increase the density of tumoral tissue and result in higher 
NZeff values.

Table 4 Quantitative parameters derived from dual-energy CT for predicting lymphovascular and perineural invasion in patients with head and 
neck squamous cell carcinoma

Parameters
Lymphovascular invasion

P value 
Perineural invasion

P value
Negative (n=45) Positive (n=27) Negative (n=48) Positive (n=24)

NIC 0.21±0.03 0.25±0.03 <0.001 0.21±0.03 0.26±0.03 <0.001

λHU (HU/keV) 1.76±0.28 2.01± 0.27 0.001 1.80±0.28 2.00±0.30 0.019

NZeff 0.79±0.04 0.83±0.04 <0.001 0.79±0.04 0.84±0.04 <0.001

A40 (HU) 186.56±23.27 204.95±23.67 0.002 187.83±23.13 204.71±25.01 0.006

A50 (HU) 135.87±22.51 144.84±22.89 0.111 135.82±22.33 146.05±23.00 0.074

A60 (HU) 118.62±19.16 124.32±20.76 0.251 117.98±19.64 126.30±19.24 0.094

A70 (HU) 88.08±13.35 92.12±17.45 0.306 87.70±13.84 93.39±16.83 0.131

A80 (HU) 69.89±12.45 72.61±16.83 0.470 69.44±13.25 73.85±15.82 0.217

A90 (HU) 65.91±13.09 68.46±17.09 0.509 65.42±13.75 69.77±16.23 0.238

A100 (HU) 63.91±13.12 66.36±17.19 0.528 63.48±13.78 67.54±16.38 0.272

A110 (HU) 61.14±13.09 64.66±17.20 0.516 61.71±13.76 65.84±16.37 0.264

A120 (HU) 60.89±13.42 64.21±17.36 0.553 61.33±13.83 65.47±16.98 0.281

A130 (HU) 60.43±13.57 64.01±17.93 0.563 61.01±13.91 64.01±16.73 0.276

A140 (HU) 59.92±13.81 63.89±18.23 0.567 60.89±13.95 63.89±16.88 0.293

An (HU) 31.03±7.52 31.77±7.21 0.681 30.40±7.48 33.13±6.91 0.139

Ae (HU) 62.99±7.75 62.46±5.86 0.759 63.22±7.43 61.94±6.34 0.471

ΔA (HU) 31.46±5.98 31.52±7.99 0.972 31.71±6.42 31.04±7.48 0.710

Data are presented as the mean ± standard deviation. Independent samples t-test. A P value <0.050 is statistically significant. CT, com-
puted tomography; NIC, normalized iodine concentration; λHU, slope of the spectral Hounsfield unit curve; NZeff, normalized effective 
atomic number; VMI (+), noise-optimized virtual monoenergetic images; A40-140, attenuation value in enhanced VMIs (+) at 40–140 keV; An, 
attenuation value in nonenhanced polyenergetic images; Ae, attenuation value in enhanced polyenergetic images; ΔA = Ae − An.
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Figure 3 Quantitative parameters derived from dual-energy CT for different tumor grades, LVI, and PNI groups in patients with head and 
neck squamous cell carcinoma. The NIC, λHU, NZeff, and A40values of the grade III group, LVI-positive group, and PNI-positive group were 
significantly higher than those of the grade I and II groups, LVI-negative group, and PNI-negative group. CT, computed tomography; LVI, 
lymphovascular invasion; PNI, perineural invasion; NIC, normalized iodine concentration; λHU, slope of the spectral Hounsfield unit curve; 
NZeff, normalized effective atomic number; VMI (+), noise-optimized virtual monoenergetic images; A40, attenuation value in enhanced VMI 
(+) at 40 keV−.

In our study, quantitative DECT parameters, including 
NIC, λHU, NZeff, and A40, successfully predicted the 
histopathological features, and a combination of these 
parameters improved the predictive performance of the 
model. However, all the attenuation values (i.e., An, 
Ae, and ΔA) in PEI failed to predict these histological 
features. This may be because attenuation values in PEI 
are affected by a variety of variables, such as convolution 
kernels, reconstruction, artifacts, beam hardening, scanner 
linearity, and patient geometric features (46). Additionally, 
ΔA represents the attenuation value difference between 
the unenhanced and enhanced phases. A split-level image 
of these 2 phases due to a swallowing motion will result 
in inaccurate ΔA. IC directly captures the distribution 
of iodine contrast agent in tumor tissues. NIC is a 
standardized IC, which reduces individual differences in 

perfusion and body weight and accurately reflects the blood 
perfusion status of tumors (47). This may explain why NIC 
can predict the pathological characteristics of HNSCC, but 
ΔA cannot.

HNSCCs are highly heterogeneous malignant tumors. 
Regardless of the pathological grade, the LVI status, 
and the PNI status, the CT features of HNSCCs may 
show heterogeneous density, ill-defined margins, the 
infiltration of adjacent structures, and high, medium, or 
low enhancement. Thus, the qualitative morphological 
analysis used in our work did not accurately characterize the 
histopathological heterogeneity of HNSCCs. Consistent 
with a recent study on nasopharyngeal malignancies (23),  
the morphological  features  fa i led to predict  the 
histopathological characteristics in this study.

Our study had several limitations. First, while we 
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Figure 4 Quantitative parameters derived from dual-energy CT in patients with different histological features. (A-D) A 68-year-old man 
with grade III laryngeal squamous cell carcinoma and lymphovascular and perineural invasion. (E-H) A 55-year-old man with grade I 
laryngeal squamous cell carcinoma without lymphovascular and perineural invasion. (A,E) 40 keV VMI (+) in the contrast phase; (B,F) iodine 
maps; (C,G) effective atomic number maps; (D,H) the slope of the spectral Hounsfield unit curve. The NIC, λHU, NZeff, and A40 values of the 
first patient were higher than those of the second patient. VMI (+), noise-optimized virtual monoenergetic images; A40, attenuation value in 
enhanced VMI (+) at 40 keV; CT, computed tomography; NIC, normalized iodine concentration; λHU, slope of the spectral Hounsfield unit 
curve; NZeff, normalized effective atomic number.

Table 5 Performance of quantitative parameters derived from dual-energy CT in predicting histological features in patients with head and neck 
squamous cell carcinoma

Parameters

Tumor grade (G I, G II vs. G III) Lymphovascular invasion Perineural invasion

AUC
Cutoff 
value

Sensitivity Specificity AUC
Cutoff 
value

Sensitivity Specificity AUC
Cutoff  
value

Sensitivity Specificity

NIC 0.841 0.234 80.0% 76.6% 0.812 0.234 77.8% 77.8% 0.824 0.234 83.3% 77.1%

λHU (HU/keV) 0.794 1.798 88.0% 66.0% 0.739 1.798 77.8% 62.2% 0.676 1.820 66.7% 60.4%

NZeff 0.793 0.806 80.0% 72.3% 0.770 0.807 74.1% 71.1% 0.794 0.814 70.8% 72.9%

A40 (HU) 0.769 195.850 72.0% 70.2% 0.715 190.240 77.8% 57.8% 0.690 195.850 62.5% 64.6%

Combined 0.969 −0.140 92.0% 95.7% 0.944 −0.625 92.6% 88.9% 0.931 −0.695 91.7% 85.4%

CT, computed tomography; NIC, normalized iodine concentration; λHU, slope of the spectral Hounsfield unit curve; NZeff, normalized effec-
tive atomic number; VMI (+), noise-optimized virtual monoenergetic images; A40, attenuation value in enhanced VMI (+) at 40 keV; Com-
bined, combined NIC, λHU, NZeff and A40 by multivariate logistic regression analysis; AUC, area under the curve.

found significant correlations between the DECT 
parameters and the histopathological features known to 
be related to poor clinical outcomes, we did not find that 
the DECT parameters translated directly into clinical 
outcome parameters. Second, our study was a single-
center study with no external validation. Third, the 

HNSCC cases were selected from a heterogeneous group 
with malignancies in multiple head and neck areas from 
the oral cavity to the larynx. A study with a large sample 
size needs to be conducted to explore the ability of dual-
energy CT to predict the histopathological features of 
tongue, oropharyngeal, hypopharyngeal, and laryngeal 
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Figure 5 ROC analyses of quantitative parameters for predicting pathological features in head and neck squamous cell carcinoma. (A) (grade 
III vs. grade I and II), (B) lymphovascular invasion and (C) perineural invasion. The combination of NIC, λHU, NZeff, and A40 had the highest 
area under the curve value in comparison to any 1 parameter (all P values <0.05). NIC, normalized iodine concentration; λHU, slope of the 
spectral Hounsfield unit curve; NZeff, normalized effective atomic number; VMI (+), noise-optimized virtual monoenergetic images; A40, 
attenuation value in enhanced VMIs (+) at 40 keV; ROC, receiver operating characteristic.

cancers. Fourth, the quantitative parameters were only 
obtained from axial slices of tumors but not from whole 
lesions. Finally, we did not compare the value of DECT in 
predicting the histopathological features of mucosal lesions 
and mass-like lesions due to the small sample size. However, 
we intend to analyze such lesions in a future prospective 
study with a large sample size.

In conclusion, quantitative parameters derived 
from pretreatment DECT, including NIC, λHU NZeff, 
and A40, may serve as imaging markers for predicting 
the histopathologic characteristics of HNSCC, and a 
combination of all 3 quantitative parameters can improve 
the predictive performance of the model.
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Supplementary

Supplementary methods: Image quality assessment of 40-80 keV VMIs (+) and PEI (M_0.4)

Subjective image quality assessment

Those 40-80 keV VMIs (+) and PEI data were independently analyzed by two radiologists with 10 and 20 years of experience in 
head and neck imaging interpretation, respectively. The evaluation of subjective image quality focused on overall image quality and 
demarcation of lesion margins. Overall image quality was classified using a 5-point Likert scale (1, unacceptable; 2, suboptimal; 3, 
adequate; 4, good; 5, excellent). Demarcation of lesion margin was classified using a 5-point Likert scale (ranging from 1 = no visual 
demarcation to 5 = perfect demarcation of contours).

Objective image quality assessment

Two radiologists (with 7 and 15 years of experience in head and neck imaging interpretation, respectively) blinded to any clinical 
information and pathological outcomes assessed the signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) on the 40-80 keV  
VMIs (+) and PEI. Regions of interest (ROI) were placed on the following regions: primary tumor, right sternocleidomastoid 
muscle and pharyngeal air in contrast enhanced phase images, excluding any area of gross necrosis. Quantitative image quality was 
calculated as the following formulas:

SNR = HU primary tumor / SD air

CNR = (HU primary tumor − HU right sternocleidomastoid muscle)/ SD air

HU primary tumor and HU right sternocleidomastoid muscle are defined as the attenuation values of primary tumor and right sternocleidomastoid 
muscle, respectively. SD air is defined as the standard deviation of attenuation values in pharyngeal air. 

Figure S1 Flowchart shows the strategy for screening patients in this study.

From December 2018 to July 2020, patients who were 
highly suspicious for HNSCC underwent DECT 

n=89

Patients with surgical pathologically confirmed HNSCC 
were included n=72

Tumor grade
l n=17
ll n=30
lll n=25

LVl negative n=45
LVl positive n=27

PNl negative n=45
PNI positive n=27

Exclude n= 17
1.	Severe image artifacts n=5;
2.	 Incomplete clinical and histopathological data n=8;
3.	A maximum diameter of the primary tumor inferior to 10 mm on PEI n=4.
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Figure S2 The adjusted P values of pairwise comparison for overall image quality scores (a), demarcation of lesion margins scores (b), 
signal-to-noise ratio (c) and contrast-to-noise ratio (d) in 40-80KeV VMIs (+) and PEI (M_0.4).

Figure S3 The Delong test results to compare these AUCs of quantitative parameters derived from dual-energy CT for predicting tumor 
grade (a), lymphovascular invasion (b) and perineural invasion (c).
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Table S1 Subjective image quality assessment for 40-80 keV VMIs (+) and PEI (M_0.4)

Score 40keV 50keV 60keV 70keV 80keV M_0.4 P value†

Overall image quality

1 0 0 0 0 1 1

2 0 0 1 16 18 23

3 4 17 34 43 51 46

4 26 36 19 5 2 2

5 42 19 18 8 0 0

Total 326 290 270 221 198 193

Mean ± sd 4.5±0.6 4.0±0.7 3.8±0.9 3.1±0.9 2.8±0.5 2.7±0.6 <0.001

Demarcation of lesion margins

1 0 0 0 0 0 0

2 0 0 2 3 10 17

3 0 16 24 37 50 39

4 27 34 45 32 12 16

5 45 22 3 0 0 0

Total 333 294 271 245 218 215

Mean ± sd 4.6±0.5 4.1±0.7 3.7±0.5 3.4±0.6 3.0±0.6 3.0±0.7 <0.001

Note. VMI (+) = noise-optimized virtual monoenergetic image; PEI (M_0.4) = 0.4-average-weighted polyenergetic images. †The One-way 
ANOVA with Bonferroni post hoc test.

Table S2 Objective image quality assessment for 40-80 keV VMIs (+) and PEI (M_0.4)

40keV 50keV 60keV 70keV 80keV M_0.4 P value†

SNR 27.24 (26.11–29.86) 22.48 (21.54–25.21) 19.06 (18.15–20.47) 14.36 (12.74–16.33) 12.28 (10.71–13.85) 12.00 (10.73–13.41) < 0.001

CNR 11.27 (10.47–12.42) 8.76 (8.30–9.68) 7.02 (6.59–7.85) 4.24 (3.61–4.96) 2.02 (1.50–2.88) 2.00 (1.68 – 2.67) < 0.001

Note. VMI (+) = noise-optimized virtual monoenergetic image; PEI (M_0.4) = 0.4-average-weighted polyenergetic images; SNR: signal  
contrast-to-noise ratio. CNR: contrast-to-noise ratio. †The Non-parametric Kruskal-Wallis with Bonferroni post hoc test.
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Table S3 Morphological features on 40keV in HNSCC with different histological features

Morphological  
features

Tumor grade

P value

Lymphovascular invasion

P value

Perineural invasion

P valueGrade I and II  
(n=47)

Grade III  
(n=25)

Negative  
(n=45)

Positive  
(n=27)

Negative 
(n = 48)

Positive 
(n = 24)

Inhomogeneity 
density

33/47 (66.0 %) 22/25 (88.0 %) 0.082 34/45 (75.6%) 21/27 (77.8 %)  0.830 35/48 (72.9 %) 20/24 (83.3 %) 0.327

Ill-defined margins 21/47 (44.7 %) 17/25 (68.0 %) 0.054 21/45 (46.7 %) 17/27 (63.0 %) 0.180 23/48 (47.9 %) 15/24 (62.5 %) 0.243

Infiltration of  
adjacent structures

19/47 (40.4 %) 16/25 (64.0 %) 0.057 18/45 (40.0 %) 17/27 (63.0 %) 0.059 22/48 (45.8 %) 13/24 (54.2 %) 0.505

Degree of enhancement

high 13/47 (27.7 %) 11/25 (44.0 %) 0.161 12/45 (26.7 %) 12/27 (44.4 %) 0.121 14/48 (29.2 %) 10/24 (41.7 %) 0.289

intermediate 27/47 (57.4 %) 11/25 (44.0 %) 0.277 25/45 (55.6 %) 13/27 (48.1 %) 0.542 28/48 (58.3 %) 10/24 (41.7 %) 0.182

low 7/47 (14.9 %) 3/25 (12.0 %) 0.735 6/45 (13.3 %) 4/27 (14.8 %) 0.860 7/48 (14.6 %) 3/24 12.5 %) 0.810


